Abstract We describe the cDNA sequence for ARG7, the gene that encodes argininosuccinate lyase ± a selectable nuclear marker ± in Chlamydomonas reinhardtii. The 5¢ end of the cDNA contains one more exon and the organisation of the mRNA is dierent from that predicted from the genomic sequence. When expressed under the control of the endogenous RbcS2 promoter, the 2.22-kb cDNA complements the arg7 mutation as well as the genomic DNA. A linear cDNA fragment lacking promoter sequences is also able to complement, suggesting that it could be used in promoter-trapping experiments. Despite the presence of a sequence encoding a potential chloroplast transit peptide in the cDNA the protein is not targeted to the chloroplast, nor can it complement the arg7 mutation when expressed there. By inserting a T7 bacteriophage promoter into the plasmid, a version of the cDNA which is able to complement both the C. reinhardtii arg7 mutant and the Escherichia coli argH mutant has been created. This modi®ed Arg7 cDNA provides two advantages over the genomic DNA currently in use for gene tagging: it is shorter (6.2 kb versus 11.9 kb for pARG7.8/3), and the selectable marker used in C. reinhardtii is the same as that used in E. coli, making plasmid rescue of the tag much more likely to succeed.
Introduction
The ability to carry out ecient nuclear transformation of Chlamydomonas reinhardtii (Kindle 1990 ) has dramatically altered our ability to study nuclear mutations in this organism. The transforming DNA usually integrates non-homologously into the nuclear genome (Debuchy et al. 1989; Kindle et al. 1989; Tam and Lefebvre 1993) , allowing one to create``tagged'' mutations; integration into a functional gene leads to a stable mutant phenotype. The disrupted DNA surrounding the integration site can then be cloned by``plasmid rescue'' ± by restricting the DNA with an enzyme that does not cut within the plasmid sequences, ligating and transforming the circular plasmid into E. coli (Tam and Lefebvre 1993) . One recurrent problem is that the bacterial origin of replication and/or the antibiotic marker can become uncoupled from the C. reinhardtii selectable marker upon integration of the transforming DNA into the nuclear genome (Tam and Lefebvre 1993; Pazour et al. 1995; Smith and Lefebvre 1996) . When this occurs, cloning of the integration site requires screening of partial genomic libraries for clones that hybridize to the selectable marker, which is much more time-consuming than plasmid rescue.
ARG7, which encodes argininosuccinate lyase (ASL, EC 4.3.2.1), is one of several selectable nuclear markers available for C. reinhardtii. The genomic DNA has been cloned and sequenced (Debuchy et al. 1989; Purton and Rochaix 1995) , and gives a high transformation rate in arg7 strains (Day et al. 1990; Purton and Rochaix 1995) . It has been used in tagging mutagenesis schemes to generate new mutants (Adam et al. 1993; Davies et al. 1994) , to introduce non-selectable genes by cotransformation (Davies et al. 1992; Tam and Lefebvre 1993) , and to study homologous recombination . The enzyme catalyzes the last step in arginine biosynthesis, the cleavage of argininosuccinate to arginine and fumarate. Hence arg7 strains cannot grow in the absence of exogenous arginine.
ASL has been recruited for use as a lens crystal protein (d-crystallin) in many avian, reptile and amphibian species (Wistow and Piatigorsky 1987) ; some of these retain ASL function (Barbosa et al. 1991b ). ASL and/or d-crystallin genes have been sequenced from C. reinhardtii (Purton and Rochaix 1995) , chicken (Ohno et al. 1985; Nickerson et al. 1986 ), the fungi Saccharomyces cerevisiae (Beacham et al. 1984) and Candida albicans (Hoyer et al. 1994) , and bacteria (E. coli; Genbank AE000470), while cDNAs have been sequenced from man (O'Brien et al. 1986 ), rat (Amaya et al. 1988) , duck (Wistow and Piatigorsky 1990) and amphibians (Iwase et al. 1995) . The locus is approximately 35 kb long in mammals, with 16 exons Abramson et al. 1991) , while the chicken gene has 17 exons, the extra exon being 5¢ and non-coding (Ohno et al. 1985; Nickerson et al. 1986 ). In C. reinhardtii the gene is 7.8 kb long, and is thought to contain 13 exons (Purton and Rochaix 1995) . Four of the introns are in similar positions in C. reinhardtii and animals. The 50-kDa homotetrameric enzyme is cytoplasmic (Dhanakoti et al. 1992) , and may be localized to the mitochondrial outer membrane (Cohen and Kuda 1996) . The structure of turkey d-crystallin has been solved to 2.5 A Ê resolution (Simpson et al. 1994 (Simpson et al. , 1995 , while recombinant human ASL has been solved to 4.0 A Ê (Turner et al. 1997) .
Genetic de®ciencies in the ASL locus cause urea cycle disorders in man, which vary in age of onset and severity (McInnes et al. 1984) . At least 12 alleles of the human ASL locus are known (McInnes et al. 1984) . Ten mutations have been identi®ed in cDNAs from aected patients (Walker et al. 1990 (Walker et al. , 1997 Barbosa et al. 1991a) ; the severity of the disease may depend in part on whether interallelic complementation between the inherited alleles is possible (McInnes et al. 1984; Turner et al. 1997) . Similar genetic complexity is seen at the C. reinhardtii ARG7 locus, for which 14 mutants are known (Matagne 1978) .
We have characterised an Arg7 cDNA from C. reinhardtii. This cDNA has allowed us to generate vectors which, owing both to their smaller size and decreased content of repetitive DNA, are less likely to rearrange upon integration into the C. reinhardtii genome (Tam and Lefebvre 1993; Cerutti et al. 1997) , and should thus facilitate plasmid rescue from mutagenized strains. The more compact cDNA is easier to manipulate in bacteria, and a second non-selectable marker could be cloned in the vector, increasing the probability of marker expression (Haring and Beck 1997; Periz and Keller 1997) . The cDNA encodes one more exon and the organisation of the ®rst two exons is dierent from that predicted based on the genomic sequence. We have found that the cDNA complements the arg7 mutation well in the absence of introns, unlike the case for some other C. reinhardtii genes.
Materials and methods
C. reinhardtii strains and growth conditions C. reinhardtii strains were grown on TAP medium (Gorman and Levine 1966) , an enriched medium which allows mixotrophic growth, under illumination with 50 lmol photons/m 2 /s, unless otherwise indicated. Cells were grown on minimal medium (HSM; Harris 1989), to select for photosynthetic growth. Media were supplemented with 110 lg/ml arginine for growth of arg7 strains. The FuD50:arg7 strain was obtained by crossing the appropriate strains (FuD50:mt+, CC1185 and arg7:mt-, CC1861, obtained from the Chlamydomonas Stock Center, Durham, N.C.) as described (Harris 1989 ).
E. coli strain construction
In order to create an argH, recA, T7 lysogenic strain of E. coli, a C600 argH strain (thr-1, leuB6, LAM-, thi-1, argH) was conjugated with strain JC10240 (thr-300, recA56, srl-300::Tn10, ilv-318, thi-1; (Csonka and Clark 1980) , obtained from the E. coli Stock Center, New Haven, Conn.) according to standard protocols (Miller 1992) . The cells were plated on M9 minimal medium containing tetracycline, threonine, leucine, arginine and thiamine. Colonies were tested for sensitivity to UV light ± indicating loss of recA function ± as described (Csonka and Clark 1980) . The T7 RNA polymerase lysogen was created using a kit from Novagen.
General methods
Cloning was performed according to standard techniques (Sambrook et al. 1989) . Polymerase chain reactions (PCR) were performed on 5 ng/ll template with 0.5 lM primers in 50 mM TRISHCl pH 8.3, 1 mM MgCl 2 , 250 lg/ml BSA, 200 lM dNTP, 5% DMSO, using Pfu polymerase (Stratagene). Total RNA was isolated by the acid guanidinium thiocyanate/phenol-chloroform method (Chomczynski and Sacchi 1987; Puissant and Houdebine 1990) , poly(A) + RNA was isolated on oligo-dT columns as described (Sambrook et al. 1989 ) and formaldehyde RNA gels were blotted to Hybond N+ (Amersham). Probes for screening the cDNA library, RNA and DNA gel blots were made by random priming (Sambrook et al. 1989 ) using [aA 32 P]dATP or dCTP (for RNA blots) and hybridized as described (Church and Gilbert 1984) . Primer extension analysis was performed on 80 lg of total RNA with 1.25 U of AMV reverse transcriptase as described (Johanningmeier et al. 1987) , using the oligonucleotide 5¢-GC-GGGGACGCGAGCC-3¢, labelled with [c-32 P]ATP by T4 polynucleotide kinase (Sambrook et al. 1989 ).
The cDNA library was constructed by Hans Sommer (MaxPlanck-Institut fuÈ r Zu È chtungsforschung, Cologne). Reverse-transcribed cDNA fragments were blunt ended and EcoRI/NotI adapters (Pharmacia) were ligated to the ends. The cDNAs were cloned into the EcoRI site of kNM1149 and ampli®ed in strain BHB2600.
Construction of cDNA-containing plasmids
The cDNA-containing insert was removed from the k phage vector by digestion with EcoRI, and cloned in both orientations into the EcoRI site of pBluescriptKS(-) (Stratagene), yielding pKS18 and pKS19. To clone the cDNA in both orientations in the C. reinhardtii nuclear expression vector pSP105 (Stevens et al. 1996) , the pKS constructs were digested with XbaI and KpnI and the cDNA was cloned into the corresponding sites in pSP105. The RbcS2 stop codon, 3¢ UTR and poly(A) signal of pSP105 were thus replaced by the Arg7 cDNA sequences. The expression vector constructs are not protein fusion constructs. Plasmid pRb-ARGs contains the Arg7 cDNA in the sense orientation, and pRb-ARGas in the antisense orientation (see Fig. 1B ).
To make precise fusions of the putative precursor or mature cDNA with the RbcS2 start codon in pSP105, the cDNA was ampli®ed by PCR with oligonucleotides which inserted an MscI site at the 5¢ end of the gene (5¢-CCCCGCTCGCTCTCCAGCAT-3¢ for the precursor form, or 5¢-CCCAGGCAGCTGCTGCG-3¢ for the mature form) and an oligonucleotide which inserted a SmaI site after the stop codon (5¢-CCCCCCTCCCGGGACCCGCTCAGT-3¢). The PCR product was digested with NcoI (which cuts within the cDNA at nucleotide 897, position 5341 of the genomic sequence), the 5¢ end-containing fragment was puri®ed and ligated to a gel-puri®ed NcoI-KpnI fragment (containing the 3¢ part of the gene) and pSP105 digested with MscI and KpnI. Thus only the 5¢ half of the cDNA (700 bp for the mature construct, 800 bp for the precursor) was derived by PCR and subsequently sequenced (Fig. 1B, C) .
In order to create chloroplast expression vectors, the cDNA with or without the potential transit peptide sequence was ampli®ed and cloned under the control of the psbD promoter found in patpB-INT-cg12 (cg12 is identical to cg11 (Nickelsen et al. 1994) , except that the SphI site far from the aadA gene of cg11 has been deleted). The oligonucleotides used to amplify from the 5¢ end (5¢-TCGGATAGCCCCATGGCCCCGCTCGC-3¢ for the precursor or 5¢-CGTCTCAGCGCCATGGCCCAGGCA-3¢ for the mature cDNA) added an NcoI site, and the oligonucleotide used to amplify from the 3¢ end added a SmaI site just after the stop codon (described above). The complete cDNA-containing fragment (obtained by complete digestion with SmaI and partial digestion with NcoI) was cloned into the NcoI and blunt-ended SphI sites of cg12, which encodes the 3¢ end of the atpB gene and complements the 3¢ deletion of the atpB gene found in FuD50 (Woessner et al. 1984) . The constructs were transformed into FuD50:arg7 strains using the particle gun method (Boynton et al. 1988 ). Due to the high rate of homologous recombination in the chloroplast, the DNA is integrated at the atpB locus, rescuing the photosynthetic defect and inserting the cDNA nearby. The presence of the Arg7 cDNA in the transformants was con®rmed by Southern analysis (not shown; see Boynton et al. 1988 ).
Fig. 1A±D
Maps and constructions. A The structure of the ARG7 locus. Sequences found in the cDNA (including 5¢ and 3¢ UTRs) are indicated by ®lled boxes, intron sequences by thin lines. The origins of the primer extension products, the endogenous NcoI site used in cloning, the stop codon (TGA) and the previously determined end of the genomic sequence are indicated. B The RbcS2-Arg7 cDNA insert in pRb-ARGs. Sites used in cloning are indicated, as well as the two potential start codons (ATG), the stop codon (TGA) and the end of the cloned genomic sequence. Short stretches of pKS(-) derived polylinker are found between the XbaI and EcoRI sites 5¢ of the cDNA and between the EcoRI and KpnI sites 3¢ of the cDNA. Small arrows indicate oligonucleotides used as primers to generate the dierent PCR products. Two dierent versions of each of the 5¢ oligonucleotides were used, giving dierent ends for subsequent cloning steps. Not all SphI sites in RbcS2 are shown. C RbcS2 fusions. Blunt-end/NcoI-digested PCR products with or without the putative transit peptide (stippled segment) were cloned into MscI+KpnI-digested pSP105, in a three-way ligation with the NcoI-KpnI fragment containing the 3¢ end of the cDNA (black segment). D T7-ARG7 Annealed T7 promoter-encoding oligonucleotides with a blunt and an NcoI end were ligated with the large PmlI-NcoI fragment of pRbARGs (containing the 3¢ half of the coding sequence and the 3¢ UTR). A 711-bp NcoI fragment containing the 5¢ coding sequence (without the transit peptide; stippled bar) was subsequently cloned into the NcoI site and selected for complementation of an E. coli argH strain. The orientation of the 711-bp fragment was con®rmed by sequencing To insert a T7 promoter-containing fragment into pRb-ARGs, the oligonucleotides 5¢-TAACACGACTCACTACTGGGAGAA-CGTGAAGGAGGAGATCTC-3¢ and 5¢-CATGGAGATCTCC-TCCTTCACGTTCTCCCAGTAGTGAGTCGTGTTA-3¢ were annealed at 10 lM in 150 mM NaCl, yielding a blunt end and an NcoI site. They were cloned into the large PmlI-NcoI fragment of pRb-ARGs, which contains the 3¢ half of the cDNA. A 711-bp NcoI fragment containing the 5¢ half of the cDNA (without the putative transit peptide; see previous paragraph and Fig. 1C ) was cloned into the NcoI site and transformed into an E. coli argH strain to select for those clones that were able to rescue the argH mutation. The orientation of the 711-bp fragment was con®rmed by sequencing. To bring the plasmid origin of replication closer to the selectable marker, the DNA was digested with A¯III, which cleaves 420 bp upstream of the RbcS2 promoter, and PstI, which cuts immediately upstream of the promoter. The DNA was blunted and ligated. The resulting plasmid is called T7-ARG del to ori. The absence of this 420-bp A¯III-PstI fragment does not aect the ability of the plasmid to rescue either the C. reinhardtii or E. coli ASL mutation (data not shown).
Sequencing of both strands of pKS19 and all PCR-ampli®ed fragments was performed using the di-deoxy method followed by terminal deoxy-nucleotide transferase extension of the non-terminated ends (Kho and Zarbl 1992) , or by automated sequencing. Oligonucleotides designed to hybridize to coding sequences were used as sequence primers. The sequences were aligned using AssemblyLIGN software (Kodak, IBI).
C. reinhardtii transformation Some 3´10
7 cells of strain cw15:arg7:mt-(Pierre Bennoun, IBPC, Paris) was transformed with 2 lg of uncut DNA as described (except for the gel-puri®ed linear cDNA fragment; Kindle 1990) using baked glass beads (0.4 mm; Thomas Scienti®c). The chloroplast genome of FuD50:arg7 was transformed using a particle gun as described (Boynton et al. 1988 ) and selected for restoration of atpB gene function on minimal medium supplemented with arginine, or simultaneously selected for FuD50 and arg7 rescue on minimal medium alone.
Argininosuccinate lyase enzyme assays Assays were performed on 10-ml liquid cultures as described (Matagne 1978) with the following modi®cations. Centrifuged cells were resuspended in 80 ll of 20 mM sodium phosphate pH 7.5. Glass beads (0.4 mm) were added to make a thick slurry and the cells were broken by vortexing four times for 15 s each. The beads were rinsed with 50 mM sodium phosphate pH 7.5 and the lysate was spun at 12,000´g for 15 min. The supernatant was used directly in assays. Protein concentrations were determined using bicinchoninic acid (Smith et al. 1985; Brown et al. 1989) .
Results

Gene structure
Some 200,000 phage from a C. reinhardtii cDNA library were screened with a 243-bp fragment of the Arg7 gene encoding the eighth conserved exon with surrounding intron sequences (nucleotides 4429 to 4672 of the genomic sequence; Purton and Rochaix 1995) . Five positive phages were identi®ed and further screened with a 1.6-kb fragment encoding the ®rst two conserved exons and intron sequences (nucleotides 817 to 2413 of the genomic sequence; Purton and Rochaix 1995) . Two phages that hybridized to both probes were selected for further study. The cDNA inserts in these phages were estimated to be 3 and 2.3 kb in length. The inserts were excised from the phage DNA by digestion with EcoRI and cloned into pBluescriptKS(-).
Upon sequencing, the 3-kb insert was found to contain two cDNAs, one for ASL, the other derived from an unknown mRNA. Only the 2.3-kb cDNA was sequenced in its entirety; the sequence has been deposited in EMBL under the Accession No. AJ010110. This cDNA is 2217 nucleotides long, extending from nucleotide 1146 of the genomic sequence to a position 468 bases beyond the end of the previously reported genomic sequence (see Fig. 1A , Purton and Rochaix 1995) . The 5¢ UTR is 169 bp long (measured from the second, presumptive, start codon, see Discussion), while the 3¢ UTR is 626 bp in length. No poly(A) tail was found in either cDNA. The ARG7 cDNA found in the 3-kb cDNA extends 20 nucleotides further 5¢ than the 2.3-kb cDNA (see Fig. 2 ).
The cDNA is composed of 14 exons, one more than previously proposed (Purton and Rochaix 1995) ; the location of the second exon is not the same as formerly suggested. The newly identi®ed exons are 142 and 36 nucleotides long (see Fig. 2 ). Both contain an in-frame start codon, and would give rise to full-length translation products of 55.7 kDa (508 amino acids) and 52.0 kDa (473 amino acids), respectively. Although the region containing the ®rst ATG codon matches the consensus sequence for an initiation codon slightly better than the second (see Fig. 2 and Sil¯ow 1998), for reasons discussed below, we believe the downstream ATG to be the functional start codon. The protein begins with the sequence MAQAAAAPAD, with splicing occurring between the codons for the third and fourth amino acids. Exon 3 (formerly exon 2) is one codon longer than previously suggested. No dierences in nucleotide sequence were found between the cDNA and the genomic sequence.
The exon/intron junctions were found to match those predicted from the genomic sequence, with the exception of the junctions between exon 1/2 and exon 2/3, which had not been previously identi®ed. The junctions are shown in Table 1 . As noted previously (Purton and Rochaix 1995) , only the tenth intron does not match the C. reinhardtii consensus, having a C instead of a T as the second nucleotide of the intron (Sil¯ow 1998) .
Primer extension analysis was performed on total RNA isolated from arg7 and wild-type strains to determine the 5¢ end of the RNA. A primer which spans the splicing junction between exons 1 and 2 was used in this analysis (see Fig. 2 ). Note that the arg7 lane in Fig. 2 was intentionally overloaded in order to identify the start site; the dierence in intensity between the lanes does not re¯ect an increase in the relative amount of mRNA in the arg7 mutant. Two possible transcription start sites were identi®ed in both wild-type and mutant strains (Fig. 3A) . The smaller product mapped to nucleotide 52 of the cDNA (nucleotide 1197 of the genomic sequence) while the other, slightly more abundant product mapped about 175 bases further upstream (approximately nucleotide 1023 of the genomic sequence). Northern analysis performed on poly(A) + RNA identi®ed a mRNA of approximately 2.3 kb, present in similar abundance in both wild-type and arg7 strains (Fig. 3B) ; no signal can be seen in total RNA. This suggests that although the cDNA is probably not complete at its 5¢ end, it is very close to full length (the length of poly(A) tails in C. reinhardtii is on the order of 100 to 150 bp, A. Auchincloss, unpublished results). The ®nding of normal amounts of approximately full-length mRNA was not unexpected, as the arg7 allele used in this study does not show any gross rearrangements at the DNA level (Purton and Rochaix 1995) . Only one poly(A) signal is found in the cDNA, at nucleotide 1640 of the cDNA as previously noted (Purton and Rochaix 1995) ; this is 578 bases from the 3¢ end.
Transformation of arg7 with the cDNA To determine whether the 2.3-kb cDNA encodes functional ASL, the ability of the cDNA to rescue the arg7 mutation present in the strain cw15:arg7 was tested. Several constructs were made for this purpose, as shown Fig. 3A , B RNA analysis. A Primer extension analysis was performed on total RNA using the oligonucleotide indicated in Fig. 2 . The four lanes on the left show a sequencing run to estimate the size of the products, while the right-most lanes show the results for either cw15 or cw15:arg7. We estimate the sizes of the products to be 52 and about 190 bases. B Northern analysis. Total RNA or poly(A) + RNA from the indicated strains was probed with radiolabelled cDNA and autoradiographed. The numbers on the left indicate size markers in kb in Table 2 . The 2.3-kb gel-puri®ed linear cDNA fragment was found to transform about 1% as well as the genomic DNA present in the plasmid pARG7.8/3 ). This presumably results from integration of the cDNA downstream of a functional promoter and thus would represent an instance of``promoter trapping'' (O'Kane and Gehring 1987). The cDNA cloned in pBluescriptKS(-) transformed the arg7 mutant with diering eciencies depending on its orientation ± 16% as well as the genomic sequences in one orientation and 34% as well in the other orientation. The increased transformation eciency with respect to the linear cDNA is probably due to protection of the coding sequences from nuclease digestion by the vector DNA; that the two orientations in the cloning vector consistently give different eciencies may be due to sequences in pKS(-) that are able to serve as a promoter and/or enhancer in C. reinhardtii.
The cDNA was also cloned in both orientations under the control of a strong nuclear promoter (pSP105, Stevens et al. 1996) to increase its expression in C. reinhardtii. These constructs contain a 794-bp fragment of the RbcS2 promoter and 5¢ UTR, including the transcription initiation site and start codon (GoldschmidtClermont and Rahire 1986). These clones were constructed before the orientation or sequence of the cDNA was known, and are not protein fusion constructs.
The cDNA cloned into pSP105 in the sense orientation (pRb-ARGs, Fig. 1B ) transformed almost as well as the genomic clone, whereas the cDNA cloned in the anti-sense orientation transformed about 65% as well as the genomic clone (Table 2 ). There may be sequences present in pSP105 that are able to function as either promoters or enhancers in both orientations. Linearization of either the sense or anti-sense construct near the 5¢ end of the cDNA, prior to transformation, decreased the transformation eciency, while cleavage beyond the end of the cDNA 3¢ UTR, or far from the cDNA sequence either did not alter or increased the eciency of transformation by up to 20%. This probably indicates that the 170-bp 5¢ UTR does not protect the cDNA from exonucleolytic degradation as well as the 627-bp 3¢ UTR, prior to integration of the linear cDNA into the genome via its ends (Blankenship and Kindle 1992; Cerutti et al. 1997 ; data not shown).
We made deletions in the promoter and 3¢ UTR in order to create shorter plasmids. The ®rst 681 bp of the RbcS2 promoter was deleted as a SphI fragment, leaving a promoter of 54 bp, while the 3¢ end of the cDNA was truncated at the XhoI site (nucleotide 1853 of the cDNA, found 104 bp beyond the end of the cloned genomic DNA, Fig. 1 ). The deletions were made separately and together in pRb-ARGs. Deletion of RbcS2 promoter sequences decreased the transformation eciency to 55% of that of genomic DNA, while deletion of the last 365 bp of the 3¢ UTR decreased transformation eciency to 23% that of the genomic DNA (see Table 2 ). Combining the deletions decreased transformation eciency to 13% that the genomic DNA. These deletions were not further pursued. The nature of the 3¢ UTR sequences which augment the transformation eciency fourfold has not been further elucidated; however, it is interesting to note that they are not found in the genomic clone.
Possible chloroplast localization of ASL Upon examination of the cDNA sequence, two possible in-frame translation start sites can be identi®ed (Fig. 2) . Initiation from the ®rst of these would yield a protein with a 35-amino acid N-terminal extension that resembles a C. reinhardtii chloroplast transit peptide (Franzen et al. 1990 ). However, ASL is thought to be a cytoplasmic protein, possibly closely associated with the outer mitochondrial surface (Cohen and Kuda 1996) . To determine whether the protein is targeted to the chloroplast several experiments were performed. Attempts to import the protein into isolated C. reinhardtii chloroplasts were unsuccessful (data not shown). We made inframe fusions to either nuclear or chloroplast expression vectors in order to test for expression in these compartments. The protein-coding region, with or without the putative transit peptide, was ampli®ed by PCR using primers designed to make translational fusions with the start codons found in either pSP105 or the chloroplast expression vector patpB-INT-cg12. The constructs were transformed into either cw15:arg7 using glass beads (for nuclear expression, Kindle 1990) or into FuD50:arg7 using a particle gun (for chloroplast expression, Boynton et al. 1988) . The chloroplast expression vector includes the 3¢ end of the atpB gene and downstream sequences which are deleted in FuD50. Integration of the plasmid by homologous recombination rescues the FuD50 photosynthetic defect and transformants can be selected on minimal medium (Boynton et al. 1988 ). Both constructs expressed in the nucleus (i.e. with or without the putative transit peptide) were functional, based on their ability to rescue the arg7 mutation, with the putative transit peptide-containing construct transforming slightly more eciently than the mature construct (30% vs 19% of the eciency of the genomic DNA, see Table 2 ). Thus, ASL is probably not targeted to the chloroplast. To test this further, we examined the chloroplast transformants. Although selection for restoration of the atpB locus alone gave numerous colonies on minimal medium supplemented with arginine, double selection of the chloroplast transformants for restoration of photosynthetic activity and arginine prototrophy gave no colonies. The gene was transcriptionally active, as an abundant 1.8-kb RNA species which hybridized to the Arg7 cDNA was detected in the phototrophic transformants (data not shown). When the transformants were passaged on minimal or enriched plates in the absence of arginine, they were in fact able to grow slowly, and grew slightly better with each successive passage. On both minimal and enriched media, cells containing the mature construct grew better than those bearing the putative transit peptide-containing construct in the absence of arginine. The ASL speci®c activity also increased with each successive passage, albeit only up to about 10% of wild-type activity (data not shown). Whether this slow growth is due to leakage of the enzyme from the chloroplast or to synthesis of arginine within the chloroplast is not clear. The low speci®c activity observed may in part be due to the dierences in codon bias between chloroplast and nuclear genes in C. reinhardtii (Nakamura et al. 1996) . It is also possible that the ASL substrate (argininosuccinate) crosses the chloroplast envelope ineciently. Due to this low speci®c activity in the chloroplast, Arg7 cannot be used as a chloroplast marker. These combined data indicate that ASL is not a chloroplast-targeted protein in C. reinhardtii and that the putative transit peptide is not utilized, although the protein can be expressed and even complement the arg7 mutation, albeit weakly, in the chloroplast. The ability of the cDNA without the putative transit peptide to complement from the nucleus is clear evidence that the protein functions in the cytosol. However, from these data it is still not clear which start codon is used in vivo (see Discussion).
Use of ARG7 as a C. reinhardtii-E. coli shuttle marker One of the frustrations of tagging mutagenesis is that the tagging gene can become uncoupled from either the E. coli selectable marker (usually bla), and/or the E. coli origin of replication, upon integration into the nucleus of C. reinhardtii. Subsequent plasmid rescue of the tagged gene in E. coli is therefore hampered (Tam and Lefebvre 1993; Pazour et al. 1995; Smith and Lefebvre, 1996) . We noticed that the Arg7 cDNA cloned under the control of the chloroplast atpA promoter is able to complement an argH deletion in E. coli (data not shown; argH encodes ASL in E. coli ; Maas 1961 ). This observation led us to construct a C. reinhardtii-E. coli shuttle vector, in which promoters for C. reinhardtii and E. coli are present upstream of the cDNA. This vector should be easier to rescue from C. reinhardtii after tagging transformation, since the selectable marker is the same in both organisms, and thus must be intact. This obviates the need for close physical linkage between the Arg7 DNA and a bacterial selectable marker in the tagged mutant.
To construct this vector we inserted a phage T7 promoter and a Shine-Dalgarno sequence between the RbcS2 start codon and the second initiation codon, so that the T7 promoter should be retained after C. reinhardtii transformation (see Fig. 4 ). We chose the T7 promoter as it is short and has been well characterised (Ikeda et al. 1992) ; individual nucleotide changes at each of the three positions altered in the T7 promoter moderately reduce the ability of the promoter to function in vivo (Ikeda et al. 1992) . We inserted the extra sequences such that they encode an in-frame 17-amino acid Nterminal extension. ASL proteins with an N-terminal extension are able to complement the arg7 mutation (Table 2 and data not shown). Some of the codons inserted into the cDNA by this process are poorly represented in C. reinhardtii nuclear DNA (Nakamura et al. Fig. 4 Construction of T7-ARG. The T7 consensus promoter (A17 to +6) is shown in upper case letters on the upper line. Changes from the consensus are shown as lower case letters on the second line, the expected translation product is shown on the third line. The initial ATG is the RbcS2 start codon, the T7 transcription start site is indicated by +1. The Shine-Dalgarno sequence (S-D) is highlighted as white letters on a black background. A BglII site used to diagnose the presence of the T7 promoter is found immediately after the S-D. Other lower case letters indicate nucleotides chosen to maximize the representation of frequently-used nuclear codons and GC content. The numbers on the bottom line indicate the frequency of codon usage in nuclear genes when they are used less than 30% of the time (Nakamura et al. 1996) 1996); however, they are used in the Arg7 cDNA at least twice each (Purton and Rochaix 1995 and present work) . A further 420-bp of DNA between the bacterial origin of replication and the RbcS2 promoter was removed in order to increase the probability that the origin of replication would remain coupled to the selectable marker (see Materials and methods).
Appropriate recipient strains of E. coli and C. reinhardtii were transformed with the T7-ARG-containing DNA. The T7 promoter-containing construct rescues the argH mutation in a non-T7 RNA polymerase dependent manner. However, rescue is absolutely dependent upon the presence of the T7 promoter sequences in the construct, suggesting that a functional E. coli promoter has been inserted into the rescuing plasmid. The T7 promoter-containing construct rescues the arg7 mutation in cw15:arg7 24% as well as the genomic DNA, giving approximately 100 colonies per plate.
Discussion
We describe here the characterization of a cDNA for the selectable C. reinhardtii nuclear marker ARG7. When cloned under the control of the RbcS2 promoter the 2217-bp cDNA transforms the nuclear mutant arg7 almost as well as the genomic clone. We have examined some of the transformants by Southern and PCR analysis; the vector sequences insert at random into the genomic DNA, and the endogenous copy of Arg7 is not disrupted by the cDNA sequences, making it a useful marker for transformation mutagenesis (data not shown). An integrated copy of the cDNA can be distinguished from the endogenous gene by its size, lack of introns, and, in the case of the T7 construct, by the T7 sequence which can be used as a tag. The availability of the cDNA may facilitate gene knock-out by homologous recombination, since the absence of repetitive sequences (which may increase the probability of insertion of partial copies of the DNA; Gumpel et al. 1995 ) will reduce the incidence of integration into the many sites that have the same sequences. Interestingly the cDNA will also complement the arg7 mutation when it is introduced as a linear fragment of DNA, suggesting that it could be used in experiments designed to identify promoters ± for example, under certain growth conditions (``promoter trapping''; O' Kane and Gehring 1987; Haring and Beck 1997) .
An additional advantage of the cDNA is that its comparatively small size would allow a second, non-selectable gene to be cloned into the same vector. Such vectors containing two cDNAs could be used in cotransformation studies, greatly increasing the probability that the second cDNA would be cotransformed into the same region of the genome, and making it more likely that the non-selectable marker will be expressed at a high level (Haring and Beck 1997; Periz and Keller 1997) .
The sequences found in the vector pSP105 (A788 to +6 of the RbcS2 promoter, where +1 is the start codon; Goldschmidt-Clermont and Rahire 1986; Stevens et al. 1996) , drive expression when the cDNA is cloned in either orientation in the plasmid, indicating that the RbcS2 promoter may also contain enhancer sequences. This was previously suggested in studies with the CRY1-1 gene, where an RbcS2 promoter fragment from A905 to A309 was cloned in a reverse orientation upstream of CRY1-1 (Nelson et al. 1994 ). In a study in which different lengths of RbcS2 promoter were fused to the aadA reporter gene, a 300-bp promoter fragment gave a higher transformation frequency than 1030, 650 or 180 bp of promoter (Cerutti et al. 1997) . In the present study, when the promoter was truncated upstream of A54 bp, the construct transformed poorly, suggesting that some sequences required for transcription had been deleted. These combined data suggest that there are important promoter functions between A300 and A54 bp, and possible enhancer functions between A788 and A54 in the RbcS2 promoter.
It has been suggested that the presence of introns is required for high-level expression of nuclear genes in C. reinhardtii (Stevens et al. 1996 ). Thus we were initially surprised to ®nd that the cDNA under the control of the RbcS2 promoter transforms well in the absence of introns. Expression of the cDNA for radial spoke protein 3 restores motility in vivo, showing that introns are not required for the expression of this gene (Diener et al. 1993 ), but its ability to restore motility has not been directly compared to that of the genomic DNA. Several selectable C. reinhardtii cDNAs recently cloned in our laboratory complement their respective mutations (J. Nickelsen, E. Boudreau, F. Vaistij, K. Perron, and C. Rivier, unpublished results), although it is not yet clear if they complement as well as their genomic DNAs. The non-selectable psaF cDNA could not be expressed in cotransformation studies with CRY1-1, although the genomic DNA is expressed under identical circumstances. In this case the presence of introns appears to increase the expression of the cDNA signi®cantly (M. Hippler, D. Stevens, J.-D. Rochaix, unpublished results). In Volvox carteri (a closely related alga) insertion of either the ®rst, or ninth and tenth introns into the nitA cDNA increases the transformation eciency of nitA mutants by two orders of magnitude (Gruber et al. 1996) . Thus it is not yet clear whether this high transformation capacity will be a general characteristic of C. reinhardtii cDNAs.
There are two in-frame start codons present in the Arg7 cDNA. If translation were to initiate from the ®rst ATG, the protein would include an N-terminal extension which has the hallmarks of a chloroplast transit peptide. This would be unusual, as ASL is a cytoplasmic enzyme involved in the urea cycle in animals ) and may be localized on the outer surface of the mitochondrion (Cohen and Kuda 1996) . Deletion of this possible transit peptide did not inhibit the ability of the enzyme to complement the arg7 mutation, suggesting that it is not a transit peptide. Transformation of the chloroplast genome with the cDNA coding sequence under the control of a chloroplast promoter did not complement the arg7 mutation in direct selection experiments, although these strains do transcribe the cDNA, contain some ASL activity and will grow slowly in the absence of exogenous arginine. These data strongly suggest that the protein is not targeted to the chloroplast, but they do not demonstrate which ATG is used in vivo. Comparisons of the Volvox and C. reinhardtii cDNA sequences show that both the length and sequence of the second exon are conserved between the two organisms, but these similarities do not extend further upstream into the ®rst exon. Furthermore, the Volvox cDNA contains neither a possible transit peptide nor the ®rst in-frame ATG (W. Mages, R. Schmitt and A. Schoberth, personal communication), strengthening the suggestion that the second ATG is the true start codon.
Inspection of Table 2 shows that the constructs in which the cDNA is translationally fused to the RbcS2 start codon (nuclear and chloroplast fusions, T7-ARG del to ori) give a lower transformation eciency than the non-fused constructs (pRb-ARGs, and D5¢, pRb-ARGas). The reason for this dierence is not clear, although it is possible that expression of the ASL gene is higher when the ARG start site is preceded by a short stretch of the Arg7 5¢ UTR rather than by the entire RbcS2 5¢ UTR.
When expressed under the control of an appropriate promoter, the cDNA will complement the E. coli argH mutation. This observation has led us to create a plasmid in which the cDNA is under the control of both C. reinhardtii and E. coli promoters. The E. coli promoter is found just downstream of the C. reinhardtii promoter, within the region coding for an N-terminal extension. Upon transformation of an arg7 strain and selection for arginine prototrophy, the E. coli promoter should remain intact, and therefore, during plasmid rescue, the cDNA should be able to complement the E. coli argH mutation. By using partial digests, pieces of the C. reinhardtii integration site should also be cloned. This use of the same cDNA as the selectable marker in both organisms increases the probability of cloning interrupted genes, which may be hampered by uncoupling of the selectable marker (usually ampicillin resistance) from the Arg7 DNA (Tam and Lefebvre 1993; Pazour et al. 1995; Smith and Lefebvre 1996) .
